We report here the first demonstration of intra-and interspecies conjugative plasmid DNA transfer for Campylobacter fetus. Gene regions carried by a Campylobacter coli plasmid were identified that are sufficient for conjugative mobilization to Escherichia coli and C. fetus recipients. A broader functional range is predicted. Efficient DNA transfer involves the virB9 and virD4 genes of the type IV bacterial secretion system encoded by a pathogenicity island of C. fetus subsp. venerealis. Complementation of these phenotypes from expression constructions based on the promoter of the C. fetus surface antigen protein (sap) locus was temperature dependent, and a temperature regulation of the sap promoter was subsequently confirmed under laboratory conditions. Gene transfer was sensitive to surface or entry exclusion functions in potential recipient cells carrying IncP␣ plasmid RP4 implying functional relatedness to C. fetus proteins. The virB/virD4 locus is also known to be involved in bacterial invasion and killing of cultured human cells in vitro. Whether specifically secreted effector proteins contribute to host colonization and infection activities is currently unknown. Two putative effector proteins carrying an FIC domain conserved in a few bacterial type III and type IV secreted proteins of pathogens were analyzed for secretion by the C. fetus or heterologous conjugative systems. No evidence for interbacterial translocation of the Fic proteins was found.
Type IV secretion systems (T4SS) are membrane-associated transporter complexes used by Gram-negative and Gram-positive bacteria to deliver substrate molecules to a variety of target cells in a contact-dependent manner (for reviews, see references 3, 5, 12, 16, 21, and 32) . Secreted macromolecules are proteins or protein-DNA complexes; thus, some T4SS support horizontal gene transfer. The mechanisms involved include conjugation, oncogenic T-DNA delivery to plant cells by the phytopathogen Agrobacterium tumefaciens, and DNA uptake and transformation, as well as DNA release into the extracellular milieu (15) . Moreover, several mammalian pathogens utilize their T4 translocation machinery for toxin secretion and the targeted delivery of virulence factors into eukaryotic host cells during infection. Accordingly, T4SS contribute to pathogenesis in various ways, including increased genome plasticity, antibiotic resistance spread, enhanced surface colonization and biofilm formation, and the specific injection of virulence proteins. In the latter case, the translocated proteins affect basic cellular functions of the host, resulting in the induction of disease (9, 23, 56, 70) .
Macromolecular secretion across bacterial and host cell membranes requires the assembly of a multisubunit, cell envelope-spanning machinery comprising a secretion channel and often a pilus or cell surface filament. In paradigm conjugation systems, these components are collectively referred to as the Mating pair formation (Mpf) proteins (58) . Systems related to the F-plasmid share 8 of 10 highly conserved Mpf components common in T4SS (40) . Conjugative P-like (e.g., IncP, -W, and -N) and I-type (e.g., R64 and ColIb-P9) systems require distinct sets of auxiliary genes. The T4SS associated with bacterial virulence have been genetically categorized into distinct classes, T4a and T4b, based on whether they share common ancestries with the A. tumefaciens VirB/D4 (T4a) or ColIb-P9 (T4b) archetypal systems (19) .
T4a pathways are highly conserved and well studied. The Agrobacterium apparatus includes 12 envelope-spanning components (VirB1-B11) expressed from a single operon. In addition, an inner membrane anchored T4 coupling protein T4CP (VirD4) governs the selective uptake of secretion substrates into the VirB translocation channel (3) . T4CPs are universally required for transferring protein-DNA complexes and are typically necessary for protein translocation and virulence in pathogen-associated systems (22, 41, 54, 59) . Several virulenceassociated T4SS appear to have retained the capacity to mobilize plasmids by conjugation, while gaining proficiency in specific protein translocation (10, 69) . Our work with the human and animal pathogen Campylobacter fetus recently revealed a subspecies-specific pathogenicity island (PAI) encoding a functional bacterial T4a secretion apparatus (28) . This pathogen belongs to the group of epsilonproteobacteria and is highly adapted to mucosal surfaces (31) . The two subspecies, C. fetus subsp. fetus and C. fetus subsp. venerealis, show a clonal population structure (65) . Despite that level of genetic relatedness the subspecies exhibit distinct host and tissue prefer-ences. C. fetus subsp. venerealis is largely restricted to the bovine genital tract, causing epidemic abortion in these animals and substantial economic losses to the cattle industry (8) . C. fetus subsp. fetus is an important agent in ovine abortion worldwide and can also induce severe disease in humans (7, 8, 61, 63) . This subspecies is the predominant Campylobacter species isolated from human blood and is considered to be an emerging pathogen (7) . We are interested in the contribution of the C. fetus subsp. venerealis chromosomal PAI and its resident T4SS to the host and tissue tropism of this subspecies. Mutational inactivation of the virD4 and virB9 components in virulent C. fetus subsp. venerealis isolates attenuated invasion and cell-killing phenotypes in cultured human cell lines (28) . Nonetheless, progress in understanding the role this chromosomally encoded T4SS plays in host-pathogen interactions remains challenging; this is due to the difficulty of manipulating the organism genetically and also to the current absence of wellcharacterized in vitro models of tissue-specific infection (34) .
This study aimed to identify macromolecular substrates translocated by the C. fetus T4SS. We demonstrate that C. fetus subsp. venerealis supports intra-and interspecies conjugative mobilization of plasmid DNA in a process requiring the T4SS. Functional overlap between C. fetus subsp. venerealis and IncP plasmid components was detected via plasmid RP4-induced fertility inhibition. Two putative secretion substrates encoded by the C. fetus subsp. venerealis PAI were investigated. The data provide evidence for conjugative DNA delivery but not interbacterial protein transfer.
MATERIALS AND METHODS
Sequence analysis and alignments. The predicted protein sequences of the C. fetus subsp. venerealis virB/D4 locus (GenBank accession number EU443150) were analyzed by using BLAST-P (http://blast.ncbi.nlm.nih.gov/Blast.cgi). Predicted proteins were compared over the whole amino acid sequence by using the CLUSTAL W function of MegAlign from Lasergene (DNAStar, Inc., Madison, WI) with default settings. Protein domains were identified by using the Conserved Domain Database (http://www.ncbi.nlm.nih.gov/structure/index.shtml).
Bacterial strains. Strains are listed in Table 1 . Growth conditions for Campylobacter and Escherichia coli strains were as previously described (33) . C. fetus subsp. venerealis vir gene mutants were described earlier (28) .
Plasmids and PCR amplification. Plasmids are listed in Table 2 . Plasmid DNA was purified from E. coli and Campylobacter cells with a QIAprep spin miniprep kit (Qiagen, Hilden, Germany). Restriction endonucleases and DNA modifying enzymes, obtained from New England Biolabs, Inc. (Beverly, MA), and Fermentas GmbH (St. Leon-Rot, Germany) were used as recommended by the suppliers. Phusion High-Fidelity DNA polymerase (Finnzymes Oy, Espoo, Finland) was used to amplify DNA fragments for cloning. All other PCR amplifications utilized DyNAzyme II DNA polymerase (Finnzymes Oy) according to the manufacturer's specifications.
Construction of plasmids. Numbered oligonucleotide primers are described in Table 3 . A 1.6-kb mobA fragment pSK108-1 was excised with SmaI and NdeI and then blunted using T4 DNA polymerase (New England Biolabs) before ligation with the SmaI site of pRYSK3 to create pRYSK9. A 220-bp NotI/PstI fragment containing the gatC promoter was amplified from C. fetus subsp. venerealis chromosomal DNA with the primers 5 and 6. This regulatory region was then used to replace the sapA promoter of pRYVL1. A kanamycin resistance phenotype in C. fetus subsp. venerealis confirmed promoter activity for the resulting construction, pRYBM5. To generate the complementation vector pRYSK12, the gatC promoter fragment was amplified from pRYBM5 with primers 5 and 7, digested with NotI/BamHI, and inserted into a NotI/BamHI-digested pRYVL2. A 420-bp fragment containing the pIP1455 iteron sequence and a putative nic site was amplified from pRYSS1 by using the primer pair 8 and 9 and inserted into the SmaI site of pRYSK3 to generate pRYSK17. To fuse the Cre recombinase with the FIC domain-containing proteins, Fic1 and Fic2, the fic genes were amplified from chromosomal C. fetus subsp. venerealis DNA using the primer pairs 12/13 and 14/15, respectively. The products were inserted in the KpnI/SalI-cut plasmid CFP B to generate C-terminal fusions with the Cre coding sequence, resulting in pCreSK1 and pCreSK2, respectively. The 1,028-bp cre gene, the 1,860-bp cre-fic1 fusion, and the 1,944-bp cre-fic2 fusion were amplified from either CFP B or pCreSK1 or pCreSK2 with primers 16 and 17. PCR products were cut and ligated with SmaI-digested pRYSK3 to generate pRYSK15, pRYSK13, and pRYSK14, respectively. For Cre-TrwC, the trwC gene was amplified from plasmid pSU1501 using the primers 18/19 and then ligated with a KpnI/SalI-cut CFP B vector.
Plasmid mobilization from C. fetus to E. coli. E. coli (2 ϫ 10 7 CFU) from an overnight broth culture was mixed with 2 ϫ 10 9 Campylobacter cells harvested from Columbia blood agar (CBA) plates after 24 h growth. The suspension was spotted onto a nitrocellulose filter (25 mm, 0.22 m; Millipore), which was placed on an antibiotic-free CBA plate and incubated in a microaerobic atmosphere at 37 or 32°C for 18 to 24 h. C. fetus grows poorly at temperatures below 25°C and above 39°C, and DNA mobilization was not detected at these temperatures. In some experiments, the filters were initially soaked in buffer containing 20 mM Tris-HCl and 1 mM MgCl 2 (pH 8) with or without 300 g of DNase I (Roche, Mannheim, Germany). After incubation, cells were removed from the filter by vortexing in 1 ml of phosphate-buffered saline (PBS). Serial dilutions of the bacterial suspension were plated on LB agar containing 25 g of kanamycin and/or 25 g of chloramphenicol/ml to select for transconjugant E. coli cells. Transconjugant colonies were subcultured, and the plasmid content was verified either by DNA isolation, followed by restriction mapping, or by PCR analysis. Viable cell counts were determined for donor and recipient strains by serial dilutions and subsequent plating. Plasmid mobilization to Campylobacter. Conjugational DNA delivery from C. fetus to Campylobacter was performed as described for E. coli recipients. When C. fetus subsp. fetus served as a recipient, bacteria were mixed in a ratio of 10:1 (2 ϫ 10 9 donor and 2 ϫ 10 8 recipient cells, respectively, in suspension). The cell suspension was spotted onto a nitrocellulose filter and incubated under microaerophilic conditions at 37 or 32°C for 24 h either in the presence or absence of DNase I. Cells were removed from the filter by vortexing in 1 ml of PBS, and the suspension was spread over five CBA plates. Selection for transconjugant C. fetus subsp. fetus F12 combined ciprofloxacin (32 g/ml) with selection for the newly acquired plasmid. Agar plates were incubated under microaerophilic conditions at 37°C for 5 days. In experiments with C. fetus subsp. venerealis JL1 recipients, equivalent cell numbers (2 ϫ 10 9 CFU) were combined. Selection for transconjugants combined kanamycin for the chromosomally encoded aphA-3 gene and selection for the acquired plasmid. CBA plates were incubated under microaerophilic conditions at 37°C for up to 12 days.
Cre recombinase assay for translocation (CRAfT). To generate E. coli MT102Cm::LKL, a cat::loxP-Km-loxP cassette was inserted into galK of E. coli MT102. The primer pair 10/11 was used to amplify the cat::loxP-Km-loxP cassette from E. coli CSH26Cm::LKL. The temperature-sensitive pKD46 was introduced into MT102, and the cat::loxP-Km-loxP cassette was integrated via homologous recombination as described previously (17) .
Campylobacter strains were thawed 72 h prior to the assay and subcultured every 24 h on kanamycin-containing CBA plates. The assay for protein translocation was performed as described for DNA transfer from Campylobacter to E. coli. CSH26Cm::LKL or MT102Cm::LKL served as E. coli recipients. Recombinant colonies resulting from Cre-mediated reconstitution of cat expression were selected on LB agar containing 20 g of chloramphenicol/ml.
To screen for Cre-Fic translocation by a heterologous T4SS E. coli MS614 donor strains harbored plasmid R1-16, pOX38 or pSU2007. E. coli S17-1 pir provided the P-type transfer system. The E. coli indicator strain was replaced with CSH26Cm::LTL. This strain was created with the lambda RED system as described above using targeting DNA made with primers 12 and 13 and template pAR183. All donor strains additionally contained a CFP B-based plasmid expressing the fusion protein. Drug-free LB was inoculated to an optical density at 600 nm of 0.005 with an overnight culture of the donor strain and incubated at 37°C for 60 min. A 10-fold excess of recipient strain E. coli CSH26Cm::LTL was added, and the mixture was incubated for 2.5 h at 37°C in liquid (pOX38 or R1-16) or after spotting onto a nitrocellulose filter (25 mm, 0.45 m; Millipore) placed on antibiotic-free LB agar (S17-1 pir or pSU2007). Mating was stopped by vortexing the suspension or the filter in 1 ml of LB medium for 1 min and immediately chilling the sample on ice. Transconjugants were selected on LB agar containing kanamycin (25 g/ml) and X-Gal (5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside; 50 g/ml). Recombinant colonies resulting from Cre- 
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mediated reconstitution of cat expression were selected on LB agar containing 10 g of chloramphenicol/ml. Donors were selected on streptomycin (100 g/ml).
Frequencies of conjugation and protein translocation were determined as transconjugants or recombinants per donor, respectively. Prior to all CRAfT assays, every test protein fusion was assessed for stability and Cre recombinase activity in vivo by transformation of the indicator strains E. coli CSH26Cm:: LKL, CSH26Cm::LTL or E. coli MT102Cm::LKL with each expression vector. Transformants expressing the test fusion proteins, Cre alone, or the control fusions with known T4S substrates all exhibited an equivalent recombination frequency.
Isolation of RNA and preparation of cDNA. Total RNA was isolated from C. fetus subsp. venerealis strain ATCC 19438 with or without plasmid pRYSS1 after 24 or 48 h of culture by using a RNeasy Protect bacteria kit (Qiagen) according to the manufacturer's instruction. Contaminating DNA was removed by incubation with 1.5 U of DNase I per g of total RNA as recommended by the manufacturer (Fermentas). cDNA was prepared from 0.3 to 0.5 g of RNA using specific primers (15 pmol) for first-strand synthesis and Moloney murine leukemia virus reverse transcriptase (RT; Fermentas) in a total volume of 20 l. Negative controls were incubated without RT. Reaction products were treated with RNase H (New England Biolabs) at 37°C for 20 min without heat deactivation.
Analysis of sapA promoter temperature regulation. RNA was isolated from C. fetus subsp. venerealis ATCC 19438(pRYSS1) grown at 32, 37, or 39°C. For second-strand synthesis, PCR primers were positioned to amplify a 500-kb fragment of aphA-3 from pRYSS1 and a 600-kb fragment of glnA (Table 3 , primers 1 and 52 to 54). PCR fragments were amplified from 2 l of the RT product as a template using Phusion High-Fidelity DNA polymerase (Finnzymes). Plasmid DNA (for aphA-3) and genomic DNA (for glnA) were used as positive control PCR templates.
Operon analysis. RNA was isolated from C. fetus subsp. venerealis ATCC 19438 and cDNA prepared as described above. For second strand synthesis, PCR primers were positioned to amplify fragments spanning at least two open reading frames (ORFs) ( Table 3 , primers 20 to 51). PCR fragments were amplified from 2 l (10%) of the RNase H-treated RT product as a template using Phusion High-Fidelity DNA polymerase (Finnzymes). Genomic DNA from C. fetus subsp. venerealis reference strain ATCC 19438 was used as a positive control PCR template.
RESULTS
C. fetus virB/virD4 gene homology and structure predict nucleoprotein and effector protein translocation. CLUSTAL W comparisons were performed for the mating pore formation (Mpf) proteins and the putative T4CP (VirD4) of the C. fetus subsp. venerealis T4SS to ortholog proteins of public database entries (Table 4) . Reference systems were selected to obtain broad distribution within the major branches of the phylogenetic trees of the ATPases VirB4 and VirB11 created by Fernandez-Lopez et al. (20) and Frank et al. (24) . Our analysis focused on well-characterized systems of known function that additionally encode a T4CP and the most closely related T4SS of Campylobacter. Protein identities were generally low. BLAST search revealed that the Mpf proteins of the chromosomally encoded T4SS of C. hominis exhibited the highest overall homology to the C. fetus subsp. venerealis components, followed by plasmid pCC31 of C. coli and the pVT745 plasmid of Actinobacillus actinomycetemcomitans. The function of the C. hominis system is currently unknown. pCC31 and pVT745 are conjugative plasmids. Comparison to pCC31 revealed identities greater than 50% for VirB8, VirB9, VirB11, and VirD4. The C. hominis Mpf proteins display the highest overall identity, while the C. fetus subsp. venerealis VirD4 overlaps most closely with CmgD4 of pCC31 (59%).
CLUSTAL W analysis of Campylobacter T4CPs were performed and revealed numerous stretches of amino acids with 100% identity within the protein sequences. High conservation extends into their shared C-terminal regions. The C. fetus protein carries additionally atypical insertions that are extremely rich in charged residues. Both the C. fetus subsp. venerealis and the C. hominis proteins carry long nonconserved C-terminal tails. In the case of F-like T4CPs, an atypical C-terminal extension is important for specificity of substrate recognition (55) . A conserved domain database search facilitated assignment of the C. fetus subsp. venerealis VirD4 to the TraG, TraG/TraD family (pfam02534) of the P_loop_NTPase superfamily (cl09099). Presence of a virD4 homologue in C. fetus subsp. venerealis potentially links this T4SS to an ancestral or currently functional conjugative gene transfer system.
Understanding of bacterial T4SS has advanced dramatically in recent years. Accordingly, it becomes feasible to predict potential secretion substrates based on conserved protein domains, as well as gene organization (60) . We identified two open reading frames (ORFs; orf38 and orf39; EU443150) downstream of the VirB/VirD4 locus that belong to the FIC (filamentation induced by cAMP) superfamily (cl00960). Re- C. fetus subsp. venerealis mobilizes C. coli plasmid pIP1455 DNA to E. coli. The T4SS of the C. fetus subsp. venerealis PAI is integrated in the genome. Since it is not carried by a selftransmissible conjugative plasmid, potential DNA transfer activity was tested via plasmid mobilization. Small cryptic plasmids often represent natural substrates for conjugative dissemination, since they encode a minimum of mobilization functions (a relaxase and nic site) and replication features supporting their spread and maintenance in bacterial populations. The plasmid profile of 60 C. fetus subsp. venerealis isolates carrying the T4 vir genes within our strain collection was analyzed, but small plasmids were generally absent (not shown). Given the strong conservation observed between components of the C. fetus subsp. venerealis PAI and those of the C. coli conjugative plasmid pCC31, we based the analysis on the cryptic C. coli plasmid pIP1455 (38) . Vectors carrying the pIP1455 replicon can be propagated in C. fetus (33) . Moreover, we noted that the pIP1455 backbone carries mobility features that might support its conjugative mobilization from a heterologous T4SS (Fig. 2) . Test constructions for interspecies mobilization also carried selection markers for both species and the pBR322 origin for replication in E. coli (Fig. 2) . The pIP1455-based shuttle vector pRYSS1 (33) was introduced to C. fetus subsp. venerealis strain 84-112 via conjugation. The capacity of this host to further transfer the test plasmid to the E. coli K-12 strain MT102 was investigated in a surface mating experiment. Suspensions of the potential donor and recipient bacteria were mixed and then collected on a filter, which was placed on blood agar for 24 h. C. fetus is not naturally competent. Nonetheless, filters were first soaked in buffer containing 1 mM MgCl 2 without or with 300 g of DNase I. At cell harvest, negative selection against C. fetus and positive selection for transconjugant E. coli was achieved by plating on LB agar. Presence of pRYSS1 in kanamycin-and chloramphenicol-resistant E. coli colonies was verified by plasmid isolation and restriction enzyme digestion (data not shown). Interspecies transfer occurred at frequencies of 3.16 ϫ 10 Ϫ6 Ϯ 3.8 ϫ 10 Ϫ7 transconjugants per donor without DNase I and 4.03 ϫ 10 Ϫ6 Ϯ 3.3 ϫ 10 Ϫ7 in the presence of DNase I; effectively ruling out transmission due to natural transformation. Parallel experiments using an alternative donor strain known to express the T4 vir genes, C. fetus subsp. venerealis ATCC 19438 (28), verified the transfer activity at equivalent frequencies (not shown). Conversely, substitution of the E. coli K-12 strain used as recipient in the experiment for E. coli MS411 or E. coli SAR18 gave rise to very low transfer frequencies (ϳ10 Ϫ10 transconjugants per donor). All transconjugant colonies were routinely analyzed to verify that these indeed carried the mobilizable pRYSS1 plasmid. Uptake of plasmid DNA was confirmed in every case. The frequency of plasmid transfer was higher at 32°C than 37°C using E. coli recipient MT102 and the pIP1455-derived shuttle vector pRYGG1 (Fig. 3A) .
We next confirmed that mobilization of the plasmid was due to features carried by the pIP1455 backbone by measuring Fig. 2) , even with the additional presence of the putative relaxase gene mobA from pCFV108 on the construction (pRYSK9) (not shown). In an effort to identify the genetic elements present in pIP1455 that support mobilization from C. fetus subsp. venerealis donors, we eliminated all pIP1455 DNA in the test plasmid except the putative mob gene and the adjacent orf1 of unknown function resulting in pRYSK2 (Fig. 2) . A 427-bp fragment of pIP1455 carrying a putative oriT was excised to create pRYSK17 (Fig.  2) . We found that division of the pIP1455 DNA into distinct putative mobilization modules failed to support detectable mobilization of pRYSK2 and pRYSK17 under our conditions (not shown). In summary, interspecies transfer from C. fetus subsp.
venerealis to E. coli MT102 occurred at detectable levels only when the mobilization substrate carried all of the C. coli plasmid pIP1455 sequences provided in pRYSS1. The mechanism of plasmid DNA transmission was unaffected by externally applied nuclease, supporting a conclusion of direct cell transfer.
Interspecies plasmid DNA transfer is attenuated in vir-deficient C. fetus subsp. venerealis mutants. To establish a functional link between the T4SS and DNA transfer, mutants carrying gene disruptions in virB9 or virD4 were investigated. The mutant vir derivatives of C. fetus subsp. venerealis ATCC 19438 strains were shown in our earlier work to attenuate virulence during infection of cultured human cells (28) . Plasmid transfer efficiencies were compared when the wild-type parental strains and mutants C. fetus subsp. venerealis 3-18 (⌬virB9) or C. fetus subsp. venerealis SK1 (⌬virD4) served as plasmid donors. Test plasmid pRYGG1 contained the same pIP1455 backbone elements as pRYSS1 but lacked the kanamycin expression cassette also used for insertion disruption of the vir genes in the mutant donors. To complement the mutant phenotypes in trans, the mobilizable (pRYGG1-based) vector carried also a wild-type copy of the affected vir gene(s). Each experiment was performed in triplicate with recipient E. coli MT102 at both 32 and 37°C. For technical reasons, each experiment compared a maximum of four donor strains. The results are summarized in Fig. 3 and Table 5 . The plasmid transfer frequencies were expressed relative to the parental strain at one temperature (100%), as indicated. For the wild-type strains, the frequencies FIG. 2. Constructions defining requirements for plasmid mobilization by the C. fetus subsp. venerealis T4SS. C. fetus cannot be readily transformed; thus, all vectors carry a P-type nic site to introduce the plasmid to donor cells. Selection in Campylobacter relies on a kanamycin resistance cassette (aphA-3) expressed from the C. fetus sapA promoter. Regions of the C. coli plasmid pIP1455 (backbone) are shown with functional modules identified in the expanded view below, including a putative mob gene (mob) and a potential P-type nic site (repeats). The C. fetus replicon (oriV pCFV108 ) and putative relaxase gene mobA from pCFV108 (gray arrow) are shown.
were higher at 32°C than at 37°C (as illustrated generally in Fig. 3A ). In the absence of virB9, transfer of the plasmid from C. fetus subsp. venerealis was reduced significantly to one third of the wild-type activity (Fig. 3B and Table 5 ). The mobilizable complementation vector pRYMJ2 (33) provided in trans virB9 plus all downstream genes from the operon: virB10, virB11, and virD4, under the control of the sapA promoter. Interestingly, although a higher transfer efficiency was expected at 32°C, maximal complementation could only be achieved at 37°C. Similar results were obtained when the C. fetus subsp. venerealis host deficient in virD4 was used as a donor. Inactivation of virD4 reduced plasmid transfer significantly to 15% of the wild-type level. Again, complementation using the sapA promoter-dependent vector pRYVL2 was only successful at 37°C (Fig. 3C and Table 5 ). Since conjugation frequencies were generally higher at the lower temperature (Fig. 3A) , we hypothesized that the failure of complementation at 32°C was most likely due to low expression levels from the complementation constructions. In the C. fetus chromosome, the sapA promoter controls synthesis of the surface layer proteins, which (64) . It is conceivable that expression of this locus is temperature dependent. To confirm this, we isolated total RNA from C. fetus subsp. venerealis ATCC 19438 carrying plasmid pRYSS1 after cultivation at 32, 37, or 39°C. pRYSS1 carries aphA-3 under the control of the sapA promoter. RT-PCR was used to convert aphA-3 transcripts to cDNA for a quantitative comparison of sapA promoter activity as a function of temperature. For each preparation of RNA, cDNA was also generated from transcripts of the housekeeping gene glnA. Amplification of the initial yield of glnA cDNA templates resulted in equivalent amounts of product regardless of the cultivation temperature. In contrast the yield of aphA-3 product was consistently weaker from RNA obtained after 32°C growth than at the higher temperatures (Fig. 4) . This significant difference implies that the sapA promoter is less active at 32°C. To eliminate the observed Pr sapA temperature dependence in complementation experiments, housekeeping genes were identified in the C. fetus subsp. fetus 82-40 genome sequence (GenBank accession number NC_008599) and used to amplify putative constitutively expressed promoter elements from the chromosome. The C. fetus gene gatC is predicted to encode an aspartyl/glutamyl-tRNA amidotransferase. We replaced the sapA promoter on pRYVL2 with the gatC promoter to generate the complementation vector pRYSK12. Gene transfer experiments using the virD4 mutant were then repeated. In this set of experiments (Fig. 3D) , the mutant's ability to mobilize plasmid DNA was reduced below the detection limit at 32°C. The expression of wild-type virD4 under the control of the gatC promoter not only restored plasmid mobilization from this host at 37 and 32°C but actually led to Ͼ100-fold enhancement of transfer compared to the wild type. For our analysis of the virulence attributes of C. fetus subsp. venerealis, we additionally created a gene disruption in virD4 of a particularly virulent field isolate C. fetus subsp. venerealis 84-112 (28) . Comparison of the DNA mobilization capacity of this mutant and the parent strain verified the importance of virD4 in gene transfer (Table 5 ). In summary, we conclude that transmission of plasmid DNA from C. fetus subsp. venerealis to E. coli involves at least two functional components of the T4SS: VirB9 and VirD4. The data also show that the sapA promoter was more active at 37°C than at 32°C. Replacement of this regulatory element with a more constitutively expressed promoter led to dramatically enhanced DNA translocation frequencies. This finding implies that the wild-type level of expression of the chromosomally encoded T4SS under these laboratory conditions is low. As a result, the level of secretion activity observed thus far is apparently well below the capacity of the system. IncP␣ plasmid-mediated surface exclusion disrupts DNA delivery by the C. fetus subsp. venerealis T4SS. Conjugation systems typically express one or more entry or surface exclusion functions, which minimize the likelihood that the host cell participates in mating with a second bacterium harboring the same or a closely related plasmid (25, 77) . Restriction of lateral DNA transmission to a plasmid-carrying host due to surface exclusion is indicative, therefore, of functional relatedness between the competing transfer machineries. To functionally classify the C. fetus subsp. venerealis T4SS components, we tested whether the efficiency of plasmid mobility from a wildtype strain was measurably reduced by the established presence of alternative T4SS in the recipient population. Paradigm conjugation systems drawn from plasmid incompatibility groups Inc-P, -W, -I, and -F were introduced to the E. coli recipient strain. No variation in the frequency of plasmid transmission to E. coli MT102 was observed when the strain additionally harbored Inc-W, -I, or -F conjugative prototypes (Table 6). In contrast, transfer from C. fetus subsp. venerealis was substantially diminished when the recipient population carried the IncP␣ plasmid RP4. The observed exclusion index (EI) (ϳ32-fold) indicates that the C. fetus subsp. venerealis T4 pathway is functionally related to P-like conjugation proteins.
Intraspecies mobilization of plasmid DNA in C. fetus. Determination of the C. fetus subsp. venerealis T4SS host range is cumbersome due to the lack of suitable shuttle vectors that can be maintained in both C. fetus donors and a diversity of potential hosts. At present, vectors adapted for E. coli-C. fetus applications have proven to be largely species specific among Campylobacters (33) . Moreover, C. jejuni and C. coli are poor recipients due to the presence of closely related conjugative plasmids pTet and pCC31, respectively, and due to natural competence. Alternatively, the C. fetus subsp. venerealis cryptic plasmid pCFV108 that we have used for vector development carried a repE homologue most closely related to replication initiation proteins of enterococcal plasmids pS68, pEF47, and pAM␣1 (33) . Attempts to stably transform Enterococcus faecalis with shuttle vectors based on the pCFV108 repE gene with or without the replicative iterons in cis proved negative, however (K. Weaver, unpublished data). In the absence of more universally applicable plasmid substrates, the testable range of mobilization by the C. fetus subsp. venerealis T4SS was limited to intraspecies transfer. Selection for C. fetus subsp. fetus transconjugants was facilitated by the ciprofloxacin-resistant phenotype of the human blood isolate F12 (37) . Triplicate experiments revealed that pRYSS1 was mobilized from C. fetus subsp. venerealis 84-112 to C. fetus subsp. fetus F12 with a frequency of 2.84 ϫ 10 Ϫ6 Ϯ 5.02 ϫ 10 Ϫ7 in the absence of DNase I and 2.89 ϫ 10 Ϫ6 Ϯ 4.02 ϫ 10 Ϫ7 with DNase I. C. fetus subsp. fetus strains in our collection (n ϭ 43) lack detectable homologues to the C. fetus subsp. venerealis T4SS (28). Accordingly, a subsequent transmission of the plasmid from C. fetus subsp. fetus F12 transconjugants was not observed. Further experiments combining C. fetus subsp. fetus ATCC 27374(pRYGG1) or C. fetus subsp. fetus 82-40(pRYEL1) as potential plasmid donors with E. coli MT102 did not yield transconjugants. Finally, to assess whether DNA can be exchanged within the subspecies we inserted the resistance marker aphA-3 into the C. fetus subsp. venerealis cdtB gene (outside of the PAI) to obtain the selectable recipient strain JL1. In the subsequent mating experiments, either C. fetus subsp. venerealis ATCC 19438 harboring pRYGG1 or strain 84-112 harboring pRYEL1 served as donors. A strong exclusion phenotype was expected and, indeed, the obtained frequencies were lower than 3 ϫ 10 Ϫ9 transconjugants per donor. Nonetheless, plasmid uptake was confirmed in all colonies we tested. Taken together, these results demonstrate that C. fetus a P values refer to the statistical significance distinguishing transfer frequencies to plasmid-free recipients and plasmid-carrying E. coli (unpaired t test). b The exclusion index (EI) expresses the fold difference in transfer frequency to plasmid-free recipients versus plasmid-carrying E. coli.
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subsp. venerealis supports intra-and interspecies gene transfer via a mechanism that is independent of transformation, requires the T4SS, and is sensitive to the surface or entry exclusion functions of RP4, as well as C. fetus subsp. venerealis strains expressing an identical system. Transcriptional organization of C. fetus subsp. venerealis PAI region harboring the fic genes. The genome region distal to the virB/virD4 module contains two ORFs carrying the FIC signature motif common to secreted effector proteins of several bacterial pathogens. We investigated the transcriptional organization of this genome region using RT-PCR. Primers were placed to detect readthrough of transcripts into the adjacent or further downstream genes. One large transcriptional unit spanning 7.5 kb was mapped from the transposase orfA, or gene 24 of the PAI sequence (28) , and the putative primase gene dnaG (Fig. 5) . No transcripts were detected for the small ORFs 31 and 32 depicted in Fig. 5 . A second large transcript spanning 6 kb, including the fic1 and fic2 genes, was delineated. Transcription originating in this region is not effectively terminated, since readthrough into the downstream, oppositely oriented gene cpp17 was observed.
Test for interbacterial protein translocation. Currently, the most promising approach available to identify potential effector proteins recognized and secreted by T4SS is the Cre recombinase assay for translocation (CRAfT) developed by Vergunst et al. (67, 68) . The assay enables translocation events to Cre-Fic2 (pRYSK14) were combined with E. coli indicator strains under conditions that maximally supported DNA mobilization via the C. fetus T4SS. The E. coli recipient cells were plated onto chloramphenicol containing LB agar to detect recombinant progeny. The frequency of recombination was measurably higher in every experiment involving the Cre-Fic2 fusion protein compared to Cre alone (n ϭ 4), but the difference was not statistically significant (data not shown). Drawing on our results with the T4-mediated plasmid transmission from C. fetus to E. coli, we varied the temperature, the species ratio, and overall cell density. Again, Cre-Fic2 expressing cells led to 2-fold-higher recombination frequencies in E. coli than in cultures expressing Cre alone. Despite these steps toward optimization, the low frequencies we observed were not sufficiently distinct from background levels to be statistically significant. We have used CRAfT to map the protein translocation signals present on the TraI protein recognized by the F-like T4SS in E. coli (39) . In our experience with F-like systems, even under conditions that support very efficient nucleoprotein transfer (Ͼ1 transfer events per donor cell), the frequency of concomitant protein translocation leading to productive recombination is typically limited to 3 to 0.3% of the transconjugant cells. It follows that the frequency of DNA transfer we are currently able to obtain in C. fetus-E. coli mating (10 Ϫ6 to 10 Ϫ7 transconjugants/donor) is too low for the subsequent Cre-based recombination events to occur at readily detectable levels.
The C. fetus subsp. venerealis Fic proteins display conserved motifs shared by diverse T4S substrates, suggesting that heterologous T4SS might support productive interactions with the Fic proteins. To test this possibility, we chose the F and R1 conjugation systems since we have investigated protein translocation by these paradigms in detail (39) . The T4CPs of the broad-host-range plasmids R388 and RP4 are more permissive for interactions with heterologous plasmids, and, importantly, RP4 is apparently most functionally related to the C. fetus components (Table 6 ). To provide positive controls for translocation of the Cre-protein fusions, relaxase genes were fused 3Ј to cre in the CRAfT reporter vector CFP B (49) . Protein translocation was measured indirectly by the frequency of Crecatalyzed recombination in the recipient cell population. Simultaneous monitoring of plasmid transfer provided a measure for the secretion activity of the system in every experiment. A summary of the translocation data is shown in Fig. 6 . High frequencies of DNA (self) transfer were detected for the F-like systems R1-16 (1/donor) and pOX38 (10 Ϫ1 / donor), as well as R388 (1/donor). By contrast, interbacterial transfer of the C. fetus Fic proteins was not detectable with any conjugation system. The high exclusion index mediated by IncP plasmid RP4 (Table 6 ) against the C. fetus transfer machinery implies functional relatedness for these systems. Nevertheless, the RP4 transfer proteins expressed by the S17 pir donor did not support detectable Fic protein transfer. The RP4 conjugation genes are integrated in the S17 pir chromosome, and thus an internal standard for conjugation proficiency is lacking. Given that we used this strain routinely for delivery of all shuttle vectors into C. fetus strains throughout the study, we propose that the negative results for Fic1 and Fic2 translocation indicate a true lack of productive interactions with the RP4 substrate receptor, TraG.
Relative concentrations of a substrate protein and the T4CP alters secretion efficiency. The C. fetus subsp. venerealis virB/ virD4 genes are organized as an operon, and in an earlier study we demonstrated that the operon is expressed under laboratory conditions (28) . The dramatic stimulation in gene transfer obtained when virB9 and the downstream genes virB10, virB11, and virD4-or virD4 alone-were expressed in trans from plasmid vectors on the virB9 and virD4 mutant backgrounds ( Fig. 3 and Table 5 ) suggests that controlled gene regulation is limiting the translocation activity observed. Nonetheless, virD4 is cotranscribed with upstream virB genes (data not shown); thus, the intracellular concentration of this protein would be expected to be similar to the other coregulated T4 components. Regulation of the virB/ virD4 operon promoter has not been studied. We sought to determine whether in trans expression of virD4 might be part of a positive-feedback loop for operon upregulation. Expression of virB genes upstream of virD4 and downstream PAI genes in C. fetus subsp. venerealis V81_SK1 was compared with or without the virD4 expression vector pRYSK12 in trans. No significant change in mRNA levels was apparent based on the yield of amplified cDNA (data not shown). A VirD4-dependent positive regulation of transporter components was therefore ruled out under these conditions.
Balanced intracellular concentrations of the T4CP VirD4 and secretion substrates may be important to transporter activity. The identity of the conjugative relaxase involved in DNA mobilization by C. fetus subsp. venerealis is not yet known. To evaluate the principle of how imbalanced expression of substrate and receptor genes might affect T4 secretion, we instead returned to the well-characterized F system. Overexpression of the F traI gene in trans to the wild-type conjugation genes causes a negative dominant phenotype for conjugation (30) . That negative effect is also visible in our experiments where pOX38 transfer was reduced by 66-fold in the presence of a plasmid expressing Cre-TraI F compared to Cre alone (Fig. 6A) . We tested the effect of simultaneous overexpression of both F traD and traI from plasmids in trans (Fig. 6B) . Under these conditions, the efficiencies of conjugative DNA transfer increased by 22-fold, and protein translocation was raised 40-fold in comparison to traI expression alone. We conclude that in the F system the relative concentrations of the T4CP and substrate protein are indeed decisive for efficient transfer. C. fetus gene transfer was markedly increased when virD4 was expressed in trans from plasmid vectors (Fig. 3 and Table 5 ). Based on these observations, we propose that a lack of coordinate regulation of the conjugative relaxase with the virB/virD4 components under our laboratory conditions may lead to the low levels of conjugative transfer observed with this organism thus far.
DISCUSSION
This study demonstrates that the C. fetus subsp. venerealis VirB/VirD4 T4SS supports inter-and intraspecies mobilization of DNA. The frequencies of plasmid transfer observed under these conditions were low. The VirB/VirD4 T4SS is also necessary for C. fetus subsp. venerealis to efficiently invade and induce cytolethal effects in cultured human epithelial cells in vitro (28) . The question then arises whether the capacity to translocate DNA represents an important contribution to the fitness and pathogenicity of C. fetus or whether the (remaining) capacity for gene transfer observed here represents a vestige of the system's evolutionary origin as a conjugation system. In any case, this report is the first description of conjugative plasmid transfer in C. fetus.
We currently know little about regulation of the vir genes. Conjugation was measured over the temperature range from 25 to 39°C with a modest (5-fold) gain in the activity maximum observed at 32°C. Whether this reflects a temperature dependence in vir gene regulation or the activity optima of the proteins involved is unknown. Controlled synthesis of conjugative pili on the bacterial cell surface probably alters motility and would be expected to initiate formation of stabilizing multicellular structures such as microcolonies and biofilm similarly to many Gram-negative bacteria (6, 26, 46, 51, 71) . Thus, the elaboration of pili may provide an advantage in the successful colonization of the bovine genital tract also in the absence of macromolecular transport. Given this diversity of potential functions, the virB/virD4 gene region is probably subject to complex patterns of gene regulation that respond to both environmental and host-dependent cues.
Current knowledge of genome composition and dynamics for this pathogen is rudimentary, but laterally acquired genes are predicted to contribute to the distinct niche preferences exhibited by this taxon (2, 34) . Experimental evidence for natural transformation is still lacking (8); thus, knowledge of gene mobilization via conjugative mechanisms is important in analyzing the emerging genome sequences of the C. fetus subspecies. Moreover, knowledge that lateral gene transfer occurs between the C. fetus subspecies has significant implications for the design of genotyping schemes that reliably differentiate the subspecies (1). C. fetus subsp. venerealis is the causative agent of a contagious venereal disease causing severe reproductive problems in cattle. Bovine genital campylobacteriosis is a notifiable disease of the World Organization for Animal Health (OIE) and is a substantial burden for the international trade of animals and animal products. The microbiological and molecular differentiation of C. fetus subsp. venerealis from C. fetus subsp. fetus is extremely difficult (72) . A single phenotypic test is recommended by the OIE for typing the subspecies (66); thus, international efforts currently focus on optimizing genotypic tests. The present study demonstrated that genes are exchanged between the C. fetus subspecies via conjugation. Clearly, knowledge of lateral DNA transfer should factor into the selection of diagnostic targets.
The FIC domain-containing proteins of C. fetus are potential effector proteins translocated by the T4 machinery to mammalian cells. Transmission of bacterial Fic proteins to the eukaryotic cytosol regulates host processes important to pathogen survival and replication. AnkX protein of Legionella pneumo-phila alters the microtubule-dependent transport of vesicles (47) . The FIC domain of VopS covalently modifies Rho GTPase threonine with AMP disrupting downstream signal transduction in the host cell (76) . The AMPylation domain is shared by doc toxins, FIC, and the type III effector AvrB (35) . IbpA protein of Histophilus somni adenylylates and inactivates Rho GTPases of epithelial target cells ultimately leading to collapse of the cellular cytoskeleton (74, 78) . The VirB/VirD4-translocated substrates of Bartonella henselae, BepA-BepG, are required for invasion, proinflammatory activation and antiapoptotic protection of vascular endothelial cells (56, 60) . BepA, BepB, and BepC share an FIC domain. In light of the genetic organization of the virB/virD4/bep PAI of Bartonella (57), the distal proximity of the fic1 and fic2 genes to the C. fetus vir operon supports the hypothesis that these proteins are delivered as effector molecules to target cells. Experimental approaches to demonstrate translocation of a putative bacterial secretion substrate to a recipient cell have been vastly improved by molecular reporter systems based on Cre recombinase or the calmodulin-dependent adenylate cyclase (Cya) (45, 56, 62) . Application of the Cre recombinase reporter assay to the Fic proteins of C. fetus was chosen to evaluate whether the cognate or heterologous systems would support detectable levels of secretion to bacterial target cells. The current results neither support nor rule out the potential for Fic proteins to perform relevant pathogenic functions in animal cell infection. Our efforts now focus on applications of the Cya reporter in cultured human cells invaded by C. fetus.
